The relation between extracellular potassium ion activity ([K+],) and ventricular tachyarrhythmias was studied in an open chest canine model with the use of two protocols. In Protocol I, potassium chloride was administered into the proximal left anterior descending coronary artery at a rate of 0.125 mEq/min for either 20 min or until [K+], = 20 mEq/liter, whichever came first. In Protocol II, the proximal left anterior descending coronary artery was occluded in one step and was reperfused 20 min later. Fifteen dogs were subjected to Protocol I, nine of which were also subjected to Protocol II. In the latter group, a recovery period of 21 h separated the two protocols. Local K+ and intramyocardial activities were recorded with use of bifunctional ion-sensitive plunge electrodes at multiple sites located in the region of the left ventricle perfused by the left anterior descending artery and at one site outside of this region.
blood pressure, local [K+] , and its time derivative (dK+i dt), local electrograms and ventricular arrhythmias. Maximal [K+] , and dK+/dt were 23 t-3 mEq/liter and 9 f 1 mEq/liter per min in Protocol I and 14 + 1 mEq/liter and 3 + 1 mEq/liter per min in Protocol II, respectively. In both protocols, the occurrence of ventricular arrhythmias correlated with [K+] , (p < 0.02) as well as with dK+/dt (p < 0.05). Ventricular arrhythmias were more frequent and more severe in Protocol II than in Protocol I (p < 0.05).
Therefore, whereas K+ dynamics were more pronounced in Protocol I, ventricular arrhythmias were more severe in Protocol II. This occurrence was apparently due, at least in part, to less heterogeneous changes in K+ gradients during constant K+ infusion. It was concluded that, in addition to the magnitude of [K+] ,, the rate of change of this variable (that is, dK+/dt) apparently plays an important role in the genesis of ischemic ventricular arrhythmias.
(,I Am Co11 Cardiol1989;13:942-50) ventricular arrhythmias (2). The concept of abnormal potassium gradients playing a role in the appearance of ventricular arrhythmias in the acutely ischemic myocardium is quite old (3). However, determination of intramyocardial potassium activity in vivo during acute ischemia had not been possible because of technical limitations. The introduction of a flexible intramyocardial ion-sensitive potassium electrode by Hill et al. (4) has enabled quantitative characterization of extracellular potassium ion activity ([K+] ,) during acute myocardial ischemia (5). More recently, a second generation of relatively small potassium wire electrodes has been successfully used to further study extracellular potassium dynamics in the ischemic (6,7) and nonischemic (8) myocardium. Previous studies, using K+ sensitive electrodes, have characterized Kf dynamics in the ischemic and border zones and the metabolic and local electrophysiologic alterations during acute myocardial ischemia (I). However, the precise relation between [K+] , dynamics and ischemic ventricular arrhythmogenesis has not previously been subjected to quantitative analysis. We report here, for the first time, a systematic study of local myocardial extracellular potassium dynamics, electrical activity and ventricular arrhythmias in the canine heart during intracoronary K+ infusion and subsequent acute myocardial ischemia.
Methods
Animal preparation. Fifteen mongrel dogs (either gender, 30 to 35 kg) were anesthetized with sodium pentobarbital 30 mg/kg body weight intravenously intubated with a cuffed endotracheal tube and artificially ventilated with room air, supplemented as necessary with oxygen with use of a Harvard respirator. The right femoral vein was cannulated for the administration of physiologic solution. An electronic pressure transducer (Millar) was introduced into the left femoral artery for blood pressure monitoring. The heart was exposed by left thoracotomy in the fifth intercostal space and suspended in a pericardial cradle. A proximal portion of the left anterior descending coronary artery was isolated and a suture was placed around it. A non-obstructive polyethylene cannula with a fine tip (approximately 250 pm) was introduced into the proximal left anterior descending artery and secured in place with sutures sewn into the epicardium. Cannulation was completed in ~30 s and did not require either partial or complete occlusion of the left anterior descending artery. No signs of myocardial damage or alteration of the electrocardiogram (ECG), or both, were noted. Special care was taken to limit the damage to the epicardium. The other end of the cannula was connected to a Harvard infusion pump. Five bifunctional quadripolar wire electrodes (one electrode pair for recording K+ activity, the other pair for recording local electrograms) were plunged into the subepicardium, mid-myocardium and subendocardium in the center of the region perfused by the left anterior descending artery. These bifunctional quadripolar electrodes were plunged approximately 10 mm from one another. In addition, one bifunctional electrode was plunged into the mid-myocardium of a normal zone, that is, a region of the left ventricle not perfused by the left anterior descending artery. Three to five bipolar wire electrodes, for recording including failure of hemodynamic and electrophysiologic local electrograms, were plunged in close proximity (~5 variables to return to a stable baseline. At the end of the mm) to the quadripolar electrodes and were positioned at experiments. the hearts were removed for surgical retrieval similar transmural sites.
of potassium electrodes and gross anatomic examination.
Instruments.
Signals from the potassium electrodes were first filtered and amplified by a custom-made 5-channel amplifier, and then, along with the signal from the regular plunge electrodes, were displayed on Data Acquisition System HP 8000. These signals as well as blood pressure and surface ECG (lead II) were recorded with a 16-channel chart recorder (Mingograph El83) and a Hi-Fi instrumentation tape recorder (HP 3968A). Blood pH, partial pressure of oxygen (PO?) and partial pressure of carbon dioxide (Pco2) were determined with use of a blood analyzer (Corning 168).
Kf electrodes. These were made of two isolated silver wires (ST) as follows (Hill and Gettes, personal communication) : The potassium ion sensor was constructed by I) coating the silver wires with silver chloride, 2) introducing a porous cellulose acetate membrane, and 3) adding a final coating of polyvinyl chloride membrane containing valinomycin (Fig. la) . The reference electrode was similar to the K+ sensor but had no polyvinyl chloride-valinomycin membrane. In vitro testing showed that these electrodes had a fast response time (<IO0 ms) (Fig. lb) and negligible drift (co.05 mV/h). Electrodes were also tested for linearity and slope before and after experiments and data were accepted only from those electrodes that showed a Nernstian response (that is, 58 to 61 mV/decade [K+],) in both tests (Fig.  Ic) . In addition. Kt electrodes were tested in vivo as detailed under "Protocols." Approximately 75% of the electrodes produced were found suitable for experimental use; and 80% of the electrodes plunged were found acceptable for data harvesting (6 electrodes in two dogs, 5 electrodes in five dogs. 4 electrodes in two dogs).
Data acquisition and analysis. The following variables were monitored and recorded: I) surface ECG (lead II-for heart rate and occurrence of arrhythmias), 2) systemic arterial blood pressure, 3) blood pH. PO, and Pco,, 4) local intramyocardial potassium ion activity. and 5) local intramyocardial electrical activity. The following data were derived: I) frequency and severity of ventricular arrhythmias, 2) rates of change in local potassium ion activity (dK+/dt). 3) maximal [K'],, and dK+/dt. 4) loss of amplitude and degree of fractionation in local intramyocardial electrograms, and 5) intramyocardial conduction delay. Fragmentation was defined as the duration of "high frequency" low amplitude (<I to 2 mV) potentials reflecting continuous electrical activity in each local electrogram, unrelated to P wave or T wave activity (9). Local activation was measured from the onset of the QRS complex to the point where the largest high frequency deflection crossed the baseline (intrinsicoid) in each local electrogram. Accuracy of measurements was 25 ms at paper speed of 100 mm/s. Bipolar electrograms were filtered between 40 and I.000 Hz.
Protocols. After a stabilization period of 30 min and before each protocol, potassium electrodes were tested by a rapid bolus injection of 2.0 mEq potassium chloride into a femoral vein. Electrodes that did not respond properly (4) (that is, A mv of ~5; Fig. Id) were replaced and the test was repeated.
Protocol 1 (n = 15). Dogs were allowed to stabilize for 30 min before infusion of potassium chloride into the left anterior descending artery (0. I25 mEq/min) was begun. This rate of potassium infusion was used to mimic K' dynamics during acute myocardial ischemia on the basis of preliminary studies in which variable infusion rates were evaluated. Infusion was stopped when the [K'], reached 20 mEq/liter or after 20 min, whichever came first.
Protocol II. In 9 of the I.5 dogs completing Protocol I. a one-step occlusion of the proximal left anterior descending artery was carried out ?I h later, when all monitored physiologic variables had returned to baseline levels. The artery was reperfused after an occlusion period of 20 min.
The other six dogs were excluded for technical reasons
Comptlteriwi processing of the drttu yirlded the ,follon,-
iq relntions: I) [K'],, versus time, 2) dK'idt versus time, 3) frequency of ventricular arrhythmias versus time, 4) degree of fractionation in local electrograms versus time, 5) degree of intramyocardial conduction delay versus time. and 6) inter-K+ electrode variance versus time. For statistical analysis, arrhythmias were scaled logarithmically in each experiment and summed for a per minute arrhythmia rank. Extracellular potassium ion activity, its rate of change and interelectrode variance (V,+) were also ranked and Spearman's_rho was determined for these ranked variables (that is. K', dK_idt and V,+ versus ranked arrhythmias). Wilcoxon's rank sign test was applied to the resulting rhos. The time constant (T) of potassium washout after termination of intracoronary potassium infusion was determined from the slope of the semilogarithmic plot of [K'],, versus time for data of each potassium electrode. For each potassium electrode the regression coefficient (r) was calculated and r values derived from the slopes with the highest r values across all dogs were used for the calculation of the mean time constant. Differences between data obtained in the two protocols were subjected to a t test for paired samples. Significance was determined at the level of p < 0.05. Data are presented as mean values t SEM.
Definitions. 01) Premature \3entricxlar complexes: Three or more nonconsecutive ventricular extrasystoles during a I min interval.
hl Couplets md triplets: Two and three consecutive premature ventricular complexes, respectively. Rapid and irregular ventricular activity (>300 beats/min) with ineffective cardiac performance . e) Sustained ventricular tachycardia: Ventricular tachycardia lasting >30 s. J) Arrhythmia score: Arrhythmias were weighted by multiplying the number of premature ventricular complexes in each episode of a given type of arrhythmia by a factor W = 10 ', where $is equal to either 0, 1,2 or 3 for premature ventricular complexes, couplets, triplets and ventricular tachycardia, respectively. For ventricular fibrillation, the intention was to multiply the number of episodes (either 0 or 1) by a factor W = 104; however, there were no episodes of ventricular fibrillation during either potassium chloride infusion or coronary artery occlusion. g) [K'] ,: Extracellular potassium ion activity. For concentration values, the following equation was employed: a,+ = y [K+],, where a,+ is the activity of extracehular potassium ion, y is the activity coefficient, and [K+] , is the concentration of extracellular potassium ion. In previous studies (4) a value of 0.746 for y was used. The rate of change in extracellular potassium in concentration is expressed by dK+/dt. h) Interpotassium electrode variance: The variance (V) was determined from the standard deviation (g) (according to the equation V = (r*) of the data across all potassium electrodes in a given dog on a per minute basis.
Animal care. All experiments conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Lankenau Animal Care Policy. 
Infusion of K' into the left anterior descending artery
was associated with ventricular arrhythmias, including premature ventricular complexes, couplets, triplets and nonsustained ventricular tachycardia. In no case did either sustained ventricular tachycardia or ventricular fibrillation develop. Figure 3 summarizes the incidence of these arrhythmias for all dogs subjected to potassium infusion. The onset of ventricular arrhythmias was rapid and premature ventricular complexes, couplets, triplets and ventricular tachycardia occurred even during the 2nd minute of potassium infusion. Moreover, the total number of ventricular complexes at this early stage of the infusion was at least as high as any other time during the infusion period. Only Coronary artery occlusion and reperfusion. In these nine dogs, occlusion of the left anterior descending coronary artery increased the levels of [K+] , in the ischemic but not in the normal zone and induced ventricular arrhythmias. Figure  4 is a typical example of the temporal pattern of [K+] , recorded at four different sites during 20 min of left anterior descending artery occlusion. These showed an initial rapid rate of increase during the first 5 to 8 min and a subsequent plateau phase. However, patterns of continuously increasing [K+] , also were observed (for example, En,, Fig. 4) . The maximal levels of [K'], were always found at a subendocardial site. Time (min)
after the initial burst occurred in the 7th minute of occlusion. Therefore, two periods of arrhythmias could be defined: the first one lasting from the 1st to the 7th min of occlusion in which the frequency of arrhythmias peaked at the 4th min of occlusion, and the second period lasting from the 8th to the 20th min in which the frequency of arrhythmias peaked at the 10th min of occlusion. The maximal frequencies of ventricular arrhythmias occurred in two distinct phases. The first period was short (that is, 3 to 5 min of occlusion) and the second one more prolonged (that is, 9 to 20 min of occlusion). Furthermore, the maximal values of ?dK+/dt were also distributed unevenly with respect to the time of occlusion. Namely, in seven of the nine dogs, maximal +dK+/dt was associated with the first phase of arrhythmias and in the remaining two, with the second phase; whereas, maximal -dK+/dt was associated with the first phase of arrhythmias in only two dogs and with the second phase in seven dogs.
This reversal in patterns was significantly different from that expected by chance alone (p < 0.05).
Comparison between Protocols I and II. Sinus cycle length and arterial blood pressure (during sinus rhythm) before and after intracoronary K' infusion and left anterior descending coronary artery occlusion are given in Table 1 . There was no significant inter-or intragroup difference with respect to these two variables.
Tuhle 2 summarizes the data obtained during intracoronary injkion of Kf and left anterior descending artery
occlusion; all variables measured were significantly different in Protocol I versus Protocol II (p < 0.02). Furthermore, although potassium levels and their rates of changes were significantly greater during intracoronary potassium infusion, the severity and frequency of ventricular arrhythmias during the latter procedure were significantly less than those observed during left anterior descending artery occlusion. The most prominent difference in this regard was the lack of ventricular fibrillation on termination of K+ infusion and the beginning of the washout phase. whereas all nine animals exhibited ventricular fibrillation on reperfusion of the left anterior descending artery. In addition, the temporal pattern of ventricular arrhythmias differed markedly in the two protocols ( Fig. 4 and 5) . During coronary occlusion, ventricular arrhythmias were present every minute of the 20 min period and couplets. triplets and runs of nonsustained ventricular tachycardia were present most minutes. In comparison, during K + infusion, arrhythmias appeared to occur more erratically with several minutes devoid of all arrhythmias. Moreover, arrhythmias were most frequent and severe during the early period of K ' infusion, whereas the opposite pattern occurred during left anterior descending artery occlusion; that is, the maximal frequency and severity of arrhythmias were delayed and occurred during the latter phase of coronary occlusion. The frequency of fractionation of local electrogram and conduction delay among all dogs exhibited a similar pattern in the two protocols. Fractionation was observed almost exclusively in subepicardial sites in both protocols. In contrast, conduction delay was detected in subendocardial as well as subepicardial sites during both intracoronary K' infusion and coronary occlusion.
Discussion
Perspective of present findings. In the present study, which is the first to correlate extracellular potassium activity ([K+],) dynamics and ventricular arrhythmias during intracoronary potassium infusion and washout (Protocol I) as well as during acute coronary artery occlusion and reperfusion (Protocol II) in the same animal, the major findings were I) in both protocols, [K+] , and dK+/dt correlated significantly with ventricular arrhythmias; 2) the temporal patterns of [K+] , dynamics during Protocol I differed markedly from those of Protocol II: 3) the temporal pattern of ventricular arrhythmias was significantly different in the two protocols; 4) ventricular arrhythmias also were more frequent and severe in Protocol II: and 5) both protocols were associated with fragmentation and reduced amplitude of local electrical activity as well as conduction delays.
Previous studies have yielded considerable evidence in support of the concept that potassium gradients played a role in the genesis of ventricular arrhythmias (3, IO, I I). In these studies, the role of potassium was evaluated either 1) by intravenous or intracoronary potassium infusion (12-19). or 2) by determinations of myocardial potassium levels during experimental myocardial ischemia by indirect (4,20,21) or direct (4.22-27) methods. However, none of the previous studies dealt quantitatively with cardiac arrhythmias nor did they present quantitative analysis of [K'], dynamics during intracoronary potassium infusion. However. the values of [K'], and dK+/dt found in the present study during acute myocardial ischemia (Table 3) agree well with previously published data obtained in several experimental models. This correlation supports the validity of the data obtained during Protocol 1 and confirms that the recovery period between the two protocols was sufficient to avoid sequencing effects of Protocol I on the outcome of the subsequent Protocol II.
Potassium infusion and washout. The present data, obtained during potassium infusion into the left anterior descending coronary artery, confirm previous reports (I I. 12.14,16.28) indicating that regional elevation of extracellular potassium activity [K+] , in the nonischemic heart induces ventricular arrhythmias, although sustained ventricular tachycardia and ventricular fibrillation were not observed with use of the methods of the present study. Moreover. the temporal pattern of ventricular arrhythmias indicated that arrhythmias occurred in several distinct phases during the infusion as well as during the first 4 min of washout. The rates of potassium washout followed first order kinetics with time constants comparable with those calculated from previously published [K+] , data (5,27) obtained during coronary artery reperfusion. This similarity could suggest that potassium accumulated in the same compartment during intracoronary infusion of potassium and during localized acute myocardial ischemia and, furthermore, that a brief ischemic period did not significantly alter those variables that determine potassium efflux from this extracellular compartment. Ventricular arrhythmias correlated significantly with both the peak levels of [K+] , and maximal rates of change in [K+] , (that is, dK+/dt). Therefore, as [K+] , increased, the frequency and severity of arrhythmias also increased. Because significant correlation was also found between the temporal pattern of ventricular arrhythmias and inter-K+ electrode variance, it seems that localized gradients of [K+] , were involved in the genesis of these arrhythmias. This hypothesis, which is supported by the finding that arrhythmias were more frequent and malignant as dK+/dt increased, could explain the occurrence of ventricular arrhythmias during the early stages of acute myocardial ischemia (29) when [K+] , is only mildly elevated. This interpretation is in agreement with the marked transmural and spatial heterogeneity of extracellular potassium activity observed during acute myocardial ischemia (5,30). Furthermore, the border of the ischemic zone, which has been implicated in the genesis of ventricular arrhythmias, is characterized by heterogeneity of local extracellular potassium activity (6,3 1).
Maximal negative rates of change of [K+] , (that is, -dK+/dt) were observed not only during the washout period as expected but also during the early phases of potassium infusion. These intra-site fluctuations of potassium dynamics could be due, at least in part, to changes in local blood flow in the perfused zone. Changes in blood flow may reflect vasodilator and vasoconstrictor actions of potassium itself. Indeed, the vasodilator action of potassium (32) in the concentration range of 1 to 10 mM is well documented in intact (33-35) and isolated (36-38) coronary vasculature. In addition, at higher concentrations, potassium acts as a vasoconstrictor (38, 39) . Furthermore, it was recently reported (40,41) that an interaction between potassium and adenosine, an endogenous nucleoside that is a potent vasodilator, may be an important factor in the regulation of coronary blood flow. Therefore, because myocardial ischemia is associated with increased release of adenosine (42), a direct and an indirect effect of elevated [K+] , on local myocardial blood flow cannot be excluded. Further studies are required to determine the physiologic importance of these effects.
Although this study did not allow us to address spec$-cnlly the potential mechanism of ventricular arrhythmias observed during potassium infusion, some speculation is possible. One obvious mechanism is focal re-excitation induced by injury currents between depolarized and normal tissue. In addition, spatial heterogeneity in [K+] ,, probably existed that could be related to abnormalities of conduction. Therefore, regions in close proximity could be characterized by either normal, enhanced, depressed or failed conduction depending on localized [K+] ,. Such changes could support a reentrant mechanism.
Coronary artery occlusion and reperfusion. Occlusion of the left anterior descending coronary artery resulted in increased extracellular potassium activity [K+] , in the ischemit zone and the occurrence of ventricular arrhythmias. The magnitude and the temporal pattern of [K+] , were similar to those previously observed both in vitro and in vivo (5, (22) (23) (24) (25) 27, 43) . In addition, the time derivative of [K+] , (that is, dK+/dt) was similar to that observed during acute myocardial ischemia in the pig heart (5,44). The temporal pattern of ventricular arrhythmias after left anterior descending artery occlusion exhibited the well established pattern characterized by two distinct phases (29). Ventricular arrhythmias correlated significantly with both [K+] , and dK+/dt. The latter had only positive values, indicating the absence of a transient decrease in local [K+] ,, which in previous studies was found to occur only occasionally (1).
The occlusion period also was associated with typical electrophysiologic alterations including conduction delay, as well as reduced amplitude and fractionation of local electrograms. Similar changes have been observed in studies in vivo with use of the pig heart (27) and the perfused isolated interventricular septum of the rabbit (25). Reperfusion of the left anterior descending artery induced immediate bursts of ventricular arrhythmias that culminated in ventricular fibrillation in all nine dogs. Even during this period, the rates of change in [K+] , were positive (that is, +dK+/dt), probably reflecting poor hemodynamics with slow washout and continued leakage of potassium from ischemic cells.
Comparison between K+ infusion and left anterior descending coronary artery occlusion. Both protocols were associated with specific changes in extracellular potassium [K+] , dynamics and the occurrence of ventricular arrhyth-mias, and in both, the two variables significantly correlated with each other. However, there were striking differences between the two protocols. For example, maximal levels of [K+] , were found in the subepicardium during KC infusion but in the subendocardium during coronary artery occlusion. The reason for this difference is not known: however, it is not unexpected as the source of potassium is completely different in the two protocols. During its infusion, exogenous potassium is moving from the coronary vascular bed into the extracellular space. whereas during coronary artery occlusion, intracellular potassium is leaking from ischemic cells, and presumably the subendocardium is rendered more ischemit than the subepicardium in this model. In addition, each protocol was associated with different factors affecting coronary blood flow (that is, increasing levels of intracoronary and extracellular potassium versus ischemia-induced adenosine and potassium release and alterations in collateral blood flow). Thus, the region at risk was not necessarily identical during the two protocols. This difference may have played a role in the differential pattern of ventricular arrhythmias.
Furthermore, although potassium infusion induced significantly more pronounced changes in [K+] , dynamics, ventricular arrhythmias were more frequent and more malignant during left anterior descending artery occlusion. Because heart rate and blood pressure were not significantly different in the two protocols, these differences indicate that local factors other than [K+] , play an important role in ventricular arrhythmogenesis during acute myocardial ischemia. Moreover, it can be concluded that these factors tend to aggravate the electrophysiologic changes induced by altered [K+],. Indeed, previous studies have reached similar conclusions. For example, Hill and Gettes (5) reported that delay in ventricular activation was more pronounced during acute myocardial ischemia as compared with acute myocardial hyperkalemia at comparable [K+] , levels. In addition. Morena et al. (45) found that neither hyperkalemia nor anoxia alone reproduced the typical electrophysiologic alterations associated with acute ischemia. However, anoxia combined with hyperkalemia resulted in changes in rest membrane potential, amplitude of local electrograms and activation delay, similar to those seen during ischemia (45). The findings of the present study further support the concept that additional factors during acute myocardial ischemia aggravate the electrophysiologic derangements caused by altered potassium ion gradients.
Thus. early arrhythmias during K' infusion resulted from rapid heterogeneous changes in local [K'],. which were reflected by the simultaneous presence of both negative and positive values of dK+/dt at different electrode recording sites. In contrast. ventricular arrhythmias during the early phases of acute myocardial ischemia were the result of lesser changes in [K+] , dynamics (for example, presence of only positive dK+/dt) but presumably occurring together with metabolic alterations including hypoxia and acidosis. The PELLEti El-AL. 949 K'ANDVENTRICULARTACHYARRHYTHMIAS possible interplay between [K'],, dynamics and metabolic alterations was evident also during the phase of potassium washout in Protocol I and reperfusion in Protocol II. Both periods were characterized by an abundance of ventricular arrhythmias: however, although the maximal severity and frequency of ventricular arrhythmias were observed in three of nine animals during potassium washout, none had ventricular fibrillation. whereas all nine had ventricular fibrillation within 5 min of reperfusion.
Conclusions. These findings indicate that the rate of change of extracellular potassium ion activity [K+] , may play a mechanistic role in ventricular arrhythmogenesis during acute myocardial ischemia. Because the rate of change in [K+] ,, is a factor in determining the absolute level of local extracellular potassium in different regions, it is tempting to speculate that heterogeneity in local [K+] , may contribute to ventricular arrhythmogenesis during the early phase of ischemia.
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